A major barrier to the acceptance of small wind turbines is that they are perceived to be noisy particularly when mounted on monopole towers rather than traditional guy-wired ones. This paper discusses an aspect of noise propagation that has not been studied previously: vibration of the tower. To start studying the tower's behavior, twenty four accelerometers were attached in two orthogonal lines along the 10 m tower of Southwest Windpower Skystream 2.4 kW wind turbine located at the edge of the city of Calgary. About 15 minutes of data were recorded in order to extract natural frequencies and corresponding mode shapes while the turbine was in operating. Operational modal analysis (OMA), in which input loads are considered the ambient input, is conducted to identify dominant modes up to 100 Hz. This range covers the infrasound region (<20 Hz) that might be perceived at sufficiently high sound pressure levels. The captured modal frequencies and modal shapes compared favorably to those predicted by a finite element analysis. Results indicate that a cluster of modes located around 10 Hz show significantly higher magnitude than other modes. This corresponds to the second bending mode. Short-time Fourier transform was used to distinguish natural and forced frequencies. It was seen that higher modes were exited less than lower ones. Original signals were decomposed using discrete wavelet transform to obtain different frequency bands. Relative root mean square values for each frequency band were calculated to determine the contribution to the vibration energy. It was observed that most of vibration energy occurs in the lowest frequency band which is in the infrasound region. The accelerometers were monitored while the blades and generator accelerated and decelerated as the wind speed changed, and only the first bending mode was excited significantly which apparently generates most of noise emission.
INTRODUCTION
Wind turbines generally produce sound both mechanically and aerodynamically. Although modern wind turbines are quiet, noise propagation is still an important issue. Noise emissions from large wind turbines have been one of the more studied areas in wind energy engineering [1] . On the other hand, there are not many studies of the noise from small wind turbines (SWT) in the literature [2] . SWTs are often located in the owner's yard. Thus, neighborhood reactions to small turbine noise may be important. Sources of wind turbine noise have been classified mainly into four categories: tonal, broadband, low frequency and infrasound, and impulsive [3] . Tonal noise is caused by wind turbine components such as gear meshing which is most common in large turbines. Small turbines studied in this paper typically do not have a gearbox. Broadband noise has frequency components higher than 100 Hz caused mainly by the interaction of blades with the atmospheric turbulence, leading to "swishing". Infrasound refers to frequencies below the hearing threshold: 20 Hz. The low frequency range between 20 and 100 Hz is suspected of being irritating for many people, and includes contributions from blade-tower noise for downwind rotors. Impulsive noise is described by short acoustic impulses. Infrasound and low frequency noise, which are the authors' interest, can be amplified and radiated by tower structure. Tower vibrations are likely to come from vibrations in the generator and once-per-revolution feeding from the blades to the main shaft as well as any eccentricities in the generator rotor etc. Even if the tower sound power level is small, the tower approximates a line source and also may act as an amplifier. Therefore, noise will be attenuated less rapidly than the "point source" aerodynamic noise from the rotor. In addition, small turbines are often placed much closer to houses than large ones.
Because of their small power outputs, it is often difficult to accurately measure small wind turbine noise in order to derive meaningful conclusions. Instead, in this paper, tower vibration is studied to provide the basis to investigate the acoustic propagation.
Marmo and Carruthers et al. [4] studied aspects of structural vibration of a large turbine tower. They showed that vibrations caused by gear tooth meshing were transmitted through the gearbox isolators and finally into the tower structure. These vibrations then could be amplified by tower before propagating as problematic tonal noise. To reduce these noises, they suggested different amounts of damping laminate be applied to the inside of the tower adjacent to the nacelle, which affects sound level outside the tower. As far as the authors are aware there are no other detailed studies of wind turbine tower vibration in connection with noise.
Vibration analysis can be done by performing Operational Modal Analysis (OMA), also called Output-only Modal Analysis. This is a relatively a new approach compared to experimental modal analysis, where structural parameters are calculated only from response data assuming the input force is ambient [5, 6] . This technique has been applied for more than a decade on civil structures such as towers where artificial excitation is a problem or estimation of actual excitation such as wind is very difficult. There are several techniques to estimate modal parameters from only response data. They include, for instance, peak-picking from power spectral density (PSD) [7] , autoregressive moving average (ARMA) [8] , and natural excitation technique (NExT) [9] . Among different methods, the Frequency Domain Decomposition (FDD) is applied to capture resonant frequencies and corresponding mode shapes based on auto/cross spectral densities between different channels. It uses cross-power spectral density instead of frequency response function and auto/cross correlations instead of impulse response function to determine the parameters from output data.
Since frequency components may vary during data acquisition because of different input loads, frequency domain and time domain characteristics should be related in order to find out how and when these dominant components arise. To observe dominant components as operating conditions vary, one may use Short-time Fourier Transform (STFT) which provides frequency information at discrete times. The STFT breaks down a non-stationary time series into many small pieces, which can be supposed to be locally stationary, and then applies the conventional FFT to these segments. Results, are often presented in a 3D plot in which at each specific time, the excited frequency magnitudes are shown.
Investigation on tower's behavior can go further by observing vibration energy distribution. Since the signal's energy is proportional to the sum of the squares of its magnitudes, survey on energy distribution among different frequency bands can be done by using relative Root Mean Square (RMS) values. Discrete wavelet transforms may be used in order to decompose the time series with different frequency resolutions; using a larger time window for lower frequencies and smaller ones for higher frequencies.
The following section presents the experiment setup followed by an overview of frequency-domain OMA. This includes STFT results and related discussions. At the end, energy distribution using discrete wavelet transform will be brought.
MEASURMENT SETUP
The test was performed on the 10.2 m tower of a 2.4 kW wind turbine with downwind rotor with stall-regulation control. The turbine's control system implements a maximum power tracking strategy that aims to make the generator frequency as close as possible to a constant factor times the wind speed. The rotor diameter and swept area was 3.72m, and is shown in fig. 1 and fig. 2 . The tower is a one-piece monopole with a base diameter of 0.2756 m and a top diameter of 0.1567 m and thickness 3.416 mm. The turbine is allowed to yaw freely with yaw stability provided by the downwind deflection of the blades. Twenty four accelerometers were attached along two orthogonal lines to the tower, made of S105 steel. The tower was lowered and raised using the gin pole and truck seen in the centre of fig. 1 and was bolted to the foundations as for a normal installation for the duration of these experiments. Fortunately data was successfully gathered from all 24 accelerometers. The single-axis B&K 4508-B piezoelectric accelerometers were arranged equally along the length of the tower, approximately 90cm apart. This type of accelerometer can be used in a wide range of temperature with frequency range of 0.3 -8000 Hz, and sensitivity of 100 mV/g. The data acquisition module was a portable NI9234 with a sampling rate of 2.5 kHz. In this work, the time series was down rate of 200 Hz so that signal contents up to 100 Hz maintained. Several data collections were done over periods of 15 to 30 minutes to capture low frequencies. The reference channel was chosen to be the most bottom one since it has the least vibration.
Figure 2: Accelerometers on two orthogonal axes
Generally, points that are nodal points are good options to be reference. As a sample, the raw data for channel 12 which is at the top of the tower is shown in fig. 3 . Most of the measurements were done in order to only apply vibration analysis; however, the last one was synchronized to a wireless module which can connect to the antenna at the top of the turbine to measure the rotor angular velocity and output power. fig. 4 . Most in power generation and angular velocity occur almost at the end of the measurement. In fact, RPM and power generation logs follow a same trend as required for optimum power extraction. At the very beginning of data acquisition, blades reached to the maximum speed of about 150 RPM and output power reached 55 W. In the middle of data collection, there was no wind and consequently no power generation. However, the wind picked up for the final section of a result, the SWT reached about 460 W.
This SWT begins generating power in a wind approximately 3.5m/s. At this speed the blades rotate at around 120 rpm. Once it has started producing power, it continues to produce power at lower speeds down to about 80 rpm. apart. This type of accelerometer can be used in a wide range of temperature with frequency 8000 Hz, and sensitivity of 100 mV/g. The data acquisition module was a portable NI9234 with a sampling rate ries was down-sampled at a 100 Hz are reliably Several data collections were done over periods of . The reference ne since it has the ccelerometers on two orthogonal axes Generally, points that are nodal points are good options to be As a sample, the raw data for channel 12 which is at 3. Most of the measurements were done in order to only apply vibration analysis; however, the last one was synchronized to a wireless module which can connect to the antenna at the top of the the rotor angular velocity and output power.
data for top sensor maximum output Most fluctuations occur almost at the end of the measurement. In fact, RPM and power generation as required for optimum power . At the very beginning of data acquisition, blades reached to the maximum speed of about 150 RPM and the In the middle of data collection, no wind and consequently no power generation.
final section of log and as power in a wind speed the blades rotate at around 120 rpm. Once it has started producing power, it continues to 80 rpm. 
OPERATIONAL MODAL ANALYSIS
Modal analysis is a method to determine modal parameters of a system. This system may be defined as a simple structure or a more complex system including several subsystems. The modal parameters that completely describe the dynamics of a system are: modal frequency, modal damping, and mode shape. Any forced dynamic deflection of a structure can be represented as a weighted sum of its mode shapes. Each mode is considered a degree of freedom. system is performed by measuring the input force and output responses with some assumptions, such as invariance. The excitation is either transient or random. An alternative modal analysis approach is called operational modal analysis by which the system parameters advanced signal processing tools by only measuring the response of the structure. This technique has been used successfully in buildings, bridges, platforms, and towers where the natural excitation of wind extracts the [10] .
The advantage of this approach is that the modal parameters can be extracted while the structure is operating implying real boundary conditions and vibration levels. The other benefit is that the test component does not need isolated from the structure. For instance, in our application, to calculate parameters for the tower, one can perform the test without detaching the blades from the tower. The measurement procedure is similar to operational deflection shape measurement where one channel is considered as a reference for the output of the accelerometers for the response for all degrees of freedom. The inputs to the system are assumed to be zero mean Gaussian white signals. forces come from wind load and vibration transmitted from the generator and rotor imbalance, and Frequency Domain Decomposition (FDD) is an extension of the usual frequency domain method. FDD uses singular value decomposition for each frequency line to extract mod parameters. Input force and output response relationship: 
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where ‫ܩ‬ ௫ ሺ݆ωሻ and ‫ܩ‬ ௬ ሺ݆ωሻ are the input and output power spectral density (PSD) matrices, respectively. ‫ܪ‬ሺ݆ωሻ is Frequency Response Function (FRF) of the tower. With the assumption of zero mean and white, ‫ܩ‬ ௫ is constant. The FRF matrix can be written in the form of [11, 12] :
where m is the number of modes, ߣ is the eigenfrequency for the kth mode.
[ܴ ] is residue matrix consisting of mode shape and modal participation vector which describes relatively how well a particular mode is excited. Combining eqs. (1), and (2) the structural response can be expressed in terms of modal properties as:
where d is a scalar constant, is the modal participation, and Sub(ω) is the set of modes that contribute at the specific frequency. In a word, cross-power spectral density instead of FRF and auto-correlation instead of impulse response function are used in eq. (1) to achieve eq. (3).
To start the analysis, Fast Fourier Transforms (FFT) were performed on the raw time series data from all accelerometers to compute spectral densities after using the low and high pass filters to remove unwanted components. A windowing function should be used to minimize leakage and noise, such as Hanning or Hamming. In this study, the Periodic Hamming window was used following removing the mean value. Then, the spectral density matrices are calculated for every series of measurements which gives us a series of matrices of size n × n where n is number of accelerometers. In our case n=12, then the typical matrix would be:
where G is cross-correlation function, and the diagonal elements of the matrix represent the magnitude of the spectral densities for each channel, i.e. power spectral density (PSD), and off-diagonal terms are the cross spectral densities (CSDs) between each channel and other responses. ‫ܦܵܥ‬ ሺ݆ωሻ = ‫ܦܵܥ‬ * ሺ݆ωሻ as the matrix is Hermitian. PSDs are real valued while CSDs have phase information between the measurement and reference point. Concurrently, a Finite Element Model was built in order to compare measured frequencies with computer model. The tower geometry was defined based on manufacturer's technical specifications. The turbine was represented by its mass attached to the tower with its center of mass 400mm downwind of the tower. To start applying modal analysis, certain loading conditions on the tower were added to simulate certain forces such as wind shear, thrust force caused by the turbine and the moment caused by the overhanging mass and gyroscopic moment. The much smaller moment arising in reaction to the generator torque was ignored. However the additional forces had little effect of the modal frequencies or mode shapes as the natural frequencies of the tower are independent of the forcing function. Table 1 includes natural frequencies from this model. Figure 5 (a) represents frequency decomposition for the orthogonal sides for the entire measurement. Side 1 data in blue shows the response for accelerometers on X axis, while the red side 2 line shows Y axis response. The noticeable peaks are listed in Table 1 natural frequencies. Note that S1 and S2 stand for Side 1 and Side 2 respectively. Table 1 shows that most of natural frequencies were exited but there are some other frequencies among them which are suspected to be forced components. To determine which frequencies were exited while the blades were not spinning the middle section of the data in fig. 4 was excised (300 to 600 sec). This section was divided in two halves with 33% overlap. Frequency responses were then determined, fig. 5(b) and fig.  5(c) . Although there were small peaks at higher frequencies, it seems that wind itself did not excite all natural modes. First mode (1.3 Hz), and second mode (10. ODS is generally the deflection of a structure at a specific frequency. This deflection is the motion of one point relative to others. It is a vector meaning that includes location and direction. It contains the values of a set of frequency domain responses at a particular frequency. Since ODS is a relative motion, it requires a fixed reference point which was chosen the bottommost accelerometer, because this point has the least vibration. Figure 6 
Figure 6: Operational deflection shapes
It is important to note that these deformations are not actual mode shapes meaning they are not scaled by the input force and consequently would not supply scaled shapes. These ODSs represent normalized mode shapes with the familiar shape of the first and other modes of a horizontal cantilever beam. The first frequency from This frequency, according to FEM, has a combination motion including both bending and torsion.
Short-time Fourier Transform
In the previous analyses, it was assumed that wind and other input loads are stationary, yet it is time-varying. Thus, it would force some local unwanted frequencies to the system. To investigate the time dependence further, Short-Time Fourier Transform (STFT) was used to analyze much shorter data sequences. This allows assessment of how the important frequencies vary and how they relate to the turbine power and blade speed. Briefly, the time series is decomposed into several where w is the window function, x is the discrete time series, m is discrete, and X is calculated FT. As shown by fig. 4 , the maximum power and angular velocity occurred at the end of data collection from about 670 s until 850 s. To investigate tower behavior during this time span, the last section is separated, and then eq. (6) is applied to plot fig.  7 . Normalized magnitudes are specified by different colors varying from white to red which represent zero and 1, respectively. Apparently, the 10 Hz frequency was excited during most of the record. This frequency corresponds to second bending mode according to the FEM. fig. 7 . This behavior implies forced frequency at this band. Besides, it is shown that natural frequency of 45 Hz was excited once during this section of data acquisition at around 790 sec. This illustrates why it had a small magnitude in fig. 5 . It is also true about two last resonances (85 and 94 Hz). Another significant result from fig. 7 is that some clusters happened at very low frequency below 2 Hz corresponds to the first fundamental bending mode. These high amplitude peaks, especially the last one, only happened at specific times To study these regions, output power and RPM logs are zoomed in and then were decomposed as indicted by fig. 8 . The lengths of the designated selected regions are shown by black lines. Figure 9 shows when wind speed and output power increase (or decreases), the first natural frequency which is the fundamental bending mode in both directions (two orthogonal sides) will be excited. When the blades encounter the tower, it would produce noise and extra excitations. Equation (6) gives the blades passing frequency (݂ ௗ௦ ) and its harmonics (݂ ு ).
݂ ௗ௦ = ܰ ݂ ோ , and ݂ ு = ݊ ݂ ௗ௦ (6) where N is number of blades, and ݂ ோ is rotor frequency. Considering that blades rotational speed reached at 250 r.p.m. at the most, the frequency range up to 12.5 Hz might be potentially contaminated by this effect. Those peaks in fig. 9 , however, are not as a result of blades passing as according to Table 2 , blades frequency ranges in Region2-side 1 Region2-side 2 Region4-side 1 Region4-side 2 Region6-side 1 Region6-side 2 those regions are much higher changing from 6 to 11 Hz. This means blade passing excited the second natural frequency when ݂ ௗ௦ ≅ 10 ‫.ݖܪ‬ It is illustrated in fig. 7 by several small dots at 10 Hz in the mentioned regions. It seems that wind speed and angular velocity increases lead to excitation of the first bending mode. This is consistent with the analysis of the previous section, where it was found that most vibration energy is in the range of 0-20 Hz. When there are different regimes of wind speeds and output powers, switching from accelerating blade speed to deceleration excite all other modes as it contains much more impulsive contents. These contents could excite the wide range of frequencies in which natural frequencies are placed.
ENERGY DISTRIBUTION
From the previous section, it was clear that the dominant peaks occur at lower frequency bands. However, those peaks are not essentially indicative of noise emission at lower frequencies. To determine how vibration energies are distributed along different frequency bands, one can use discrete wavelet decomposition. Its complete theory and further explanations are discussed in many texts on signal processing such as [13, 14] . On the whole, two sets of high pass and low pass filters are used at any stage to divide the incoming signal into "Approximations" (A) and "Details" (D). A are output of the low-pass filter, while the outputs from the high-pass filters represent D. The detail portion is saved whereas one may process the A by using another low-and high-pass filter to take new A and D. This decomposition procedure may be done until to capture desirable smallest frequency band. Therefore, the time series (ߙ) is sum of this decomposed frequency bands:
where A and Ds represent decomposed signals at different frequency band. ⨆ indicates union, and the superscript refers to the level. A 7-level decomposition using Daubechies wavelet of order 8 was performed. The smallest band is 0-9.76 Hz. Note again that in each level of decomposition, size of decomposed series is half the previous level.
As the signal energy is proportional to the squared magnitude, then, Root Mean Square (RMS) values for different bands will be calculated according to eq. (8) . For ݊ values of x the RMS value is
where ‫̅ݔ‬ is the mean amplitude of the signal. However, it is mentioned in [15] that vibration signal energies are dependent on different factors such as damping, stiffness properties, atmospheric disturbances, and etc. As a result, RMS itself would not be a good indication of energy distribution and instead, normalized RMS which is defined by eq. (9) would result in a better indication.
where i is number of decomposition levels in the wavelet analysis which is 7 in our case, and ‫ܵܯܴ‬ ௧௧ corresponds to the RMS value of the original time signal. 
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625-1250 Table 3 : Frequency bands using DWT Although the time series were not decomposed by the same length, it can be seen that most of vibration energy is absorbed in the lowest frequency band which is about 0-10 Hz. In other words the smallest frequency band has the smallest time length as well, however it contains higher energy. This range of frequency, as explained previously, covers the infrasound region that might be perceived at sufficiently high sound pressure level, and acoustic tests would not be good way to show it.
CONCLUSION
This paper investigated the vibration of a small wind turbine tower. Mechanical noise generated by the turbine would be amplified by its tower as a line source of noise. Natural frequencies and corresponding deflection shapes were compared to the results of a finite element model with the turbine mass and centre of mass included. If the turbine is not operating and the only input force is wind, then only first two modes resonate significantly. It was discovered that first three bending modes are excited more often than others during operation, which could produce most of the noise propagation. Moreover, it was revealed that while blade speed varied continuously along with the power, only the first fundamental bending mode which is about 1.3 Hz, was excited. Thus the first bending mode plays a crucial role in generating vibration and noise. As a general rule of thumb, most of vibration energy is thought to be engaged in very low frequency bands.
